Abstract-Using pulse electrodeposition technique, nano crystalline NiFe films were deposited on conductive copper substrates, under galvanostatic mode in an ultrasonic field at different conditions such as pulse current magnitude, deposition time and ultrasonic bath temperature. As-prepared NiFe/Cu thin films were characterized for phase analysis, surface morphology, surface roughness and resistivity measurements. The results show that the use of ultrasonic bath at room temperature has reduced the surface roughness, resistivity, average grain size and crystallite size of NiFe/Cu thin films. The resistivity is reduced with increasing deposition current from 44.2 μΩ cm at 40 mA to 33.0 μΩ cm at 100 mA. On the other hand, a significant drop of the resistivity from 35.7 to 9.4 μΩ cm is observed if the deposition time was reduced from 5 to 3 min.
INTRODUCTION
Nickel-iron alloy films are a class of important soft magnetic materials with high magnetic moment and low magnetostriction. A wide range of applications is found which includes magnetic header, magnetic shielding, magnetic actuator, power electronics, information storage and high performance transform cores. Recently, these films have been used as sensor elements in magnetic random access memories [1] [2] [3] [4] [5] and capacitor for dynamic random access memory cells [6] . Electrodeposited permalloy which has an ratio of 80% nickel and 20% iron possesses excellent properties, e.g. low stress, low coercivity and magnetostriction, high saturation flux density and strong corrosion resistance. These pronounced magnetic properties have rendered these thin films to be considered as one of the best known iron group thin films for computer and MEMS applications [7] [8] [9] [10] . NiFe films with high Ni content is an effective technique to reduce the leakage current density in DRAM cells when used as electrodes in capacitors [11] . Copper, on the other hand, is chosen as the substrate due to the good thermal and conductive behavior in particular, whereby the carrier collection efficiency could be improved [12] .
Various techniques have been employed for the deposition of NiFe thin films such as electrodeposition technique [13, 14] , DC magnetron sputtering technique [15] , conventional R.F. diode sputtering system [16] , ion-beam sputtering [17] , R.F. plasma sputtering [18] , metal oxide chemical vapor deposition (MOCVD) technique [15] etc. Ultrasonic treatment is an effective method that could improve the film uniformity and give better crystallinity during the deposition [19] . Sputtering techniques normally exhibit lower rate of deposition but require removal of heat created by the incident energy on the target. MOCVD technique produces thin films with lower purity and but requires stringent safety control measures due to the high toxicity of arsine precursor used. Alternatively, electrodeposition technique offers higher depo-sition rate with precise deposition control, and the capability of generating high power density.
In the trend of miniaturization, materials with high performance and reduced size are highly sought for various electrical and electronic components, such as stacked and/or hybrid capacitor with high charge density is used in DRAMs. The dimensions could be reduced through using thin film electrodes in the scale of nanometer range. Many studies had been conducted on thin film bottom electrodes for the capacitor in DRAM cell with different stacks, such as copper (Cu), platinum (Pt), nickel (Ni), ruthenium (Ru), iron (Fe) and iridium (Ir). Meanwhile, the resistivity of thin film was claimed to be influenced by surface roughness in an approximately linear relationship [20] .
Considering the pulse electrodeposition technique, several parameters need to be carefully addressed which include current density, electrolyte molar concentration, substrates, applied potential, bath temperature, bath composition and impurities [21] . However, as reported from the literature, deposition current magnitude, deposition time and the use of ultrasonic bath are the more influential parameters in the pulse electrodeposition process [6] .
In this work, the structural and electrical properties of NiFe thin films deposited on Cu substrate are systematically studied. The effects of various design parameters, such as deposition current, deposition time and ultrasonic bath temperature are investigated as to determine the most appropriate synthetic condition.
EXPERIMENTAL PROCEDURE
Ultrahigh purity platinum anode and copper substrate which served as cathode, both with dimensions of 2.5 × 2.5 cm, were used for the electrodeposition under galvanostatic mode using an Auto Lab Equipment (PGSTAT2) with general purpose electrochemical system (GPES) software. The AutoLab system was used to generate a pulse frequency of 1 Hz to pulse electrodeposit NiFe thin films. The potential of the cathode for the pulse electrodeposited NiFe thin films during the cycle under the pulse electrolysis conditions was studied and found to be changed in the range of -1.2 to -3.2 V.
All analytical reagents (AR) grade chemicals, 0.05 M nickel sulphate (NiSO 4 · 7H 2 O), 0.01 M iron sulphate (FeSO 4 · 7H 2 O) and 0.1 M boric acid (H 3 BO 3 ) were dissolved in deionized water. The substrate was cleaned then masked off by an adhesive tape with exclusion of the targeted film deposition area.
The parameters of ultrasonic bath temperature, deposition time and current magnitude were varied during pulse electrodeposition. This included an ultrasonic bath temperature of 27 and 40°C, the deposition current range of 40-100 mA in the step of 20 mA and a pulse electrodeposition of 6 minutes with a deposition time of 3 min (duty cycle 50%) and 5 min (duty cycle 83.33%). The pulse frequency as well as On and Off times (duty cycle) are set directly with (GPES) software. The shape of current pulses are with square waveforms.
A combination of spectroscopy techniques was used to characterize the as-prepared NiFe/Cu thin films such as X-ray (CuKα) diffractometer (XRD, Phillips X'Pert PRO) in the 2θ range of 10°-90°, scanning electron microscopy (SEM LEO 1450VP) and atomic force microscopy (Nanosurf EasyScan 2 AFM). These characterizations are essential for the phase identification, structural parameter determination, surface morphology and surface roughness studies, respectively. A four-point probe (FPP, Keithley 2400 source coupled with closed cryogenic system, model CS202-X1 AL JEN, DE-202AE expander, with precise temperature control, Lakeshore 325) was used for the electrical measurements.
RESULTS AND DISCUSSION

X-Ray Diffraction
X-ray diffraction patterns for NiFe thin films deposited on Cu substrate using pulse electrodeposition technique are shown in Figs. 1a-1c. The XRD patterns for all NiFe/Cu thin films electrodeposited under different conditions revealed that all the films are crystallized in single phase, as confirmed by the presence of diffraction planes (111), (200) and (220), respectively. The deposited NiFe films have simple cubic structure with similar characteristics as those observed in the reported International Crystal Diffraction Data (ICDD number: 98-008-8067). The crystallite size was calculated by Scherrer's equation without taking the influence of the lattice strains into consideration. Figure 1a shows the XRD patterns for NiFe/Cu thin film deposited with different current magnitudes (40, 60, 80 and 100 mA) using deposition time of 5 min at an ultrasonic bath temperature of 27°C. NiFe/Cu thin films' crystallinity has improved and the average crystallite size calculated by Scherrer's equation is in the range of 12.2 to 41.5 nm. Note that the diffraction planes with the highest intensity are attainable (Fig. 1a, curve 3 ) and this suggests that 80 mA appears as the most appropriate current magnitude.
The XRD patterns for NiFe/Cu thin film deposited with two different deposition times, i.e. 3 and 5 min using deposition current of 80 mA at ultrasonic bath temperature of 27°C are shown in Fig. 1b . NiFe/Cu thin film with improved crystallinity is discernible at 3 min deposition as the diffraction planes are relatively more intense, showing shaper peaks if compared to that of thin film at 5 min deposition. In other words, the diffraction planes with the highest intensity are achievable (Fig. 1b, curve 1) Figure 1c illustrates XRD patterns for NiFe/Cu thin film deposited at two different ultrasonic bath temperatures (27, 40°C) using deposition current of 100 mA and deposition time of 5 min. Decreasing the ultrasonic bath temperature from 40 to 27°C has resulted in an increase in the intensity of the (200) peaks of the NiFe/Cu thin films as observed from the diffraction peaks. The crystallinity of thin films NiFe was enhanced at 27°C as compared to 40°C. In other words, deposition of NiFe on copper substrate at ultrasonic bath temperature of 27°C demonstrates a better crystallinity with higher intensity. The calculated crystallite size was 23.3 and 31.3 nm for 27 and 40°C, respectively.
From the phase analysis of NiFe/Cu thin films prepared using different parameters, it is found that the quality of the NiFe thin films is highly dependent of the designed experimental parameters. At the optimum current magnitude of 80 mA, NiFe/Cu thin film exhibits better crystallinity and higher intensity with relative lower temperature at 27°C and shorter deposition time of 3 min.
Microstructure Analysis
The SEM micrographs of electrodeposited NiFe thin films on Cu substrate are shown in Figs. 2a-2f . The grains of NiFe/Cu thin films are of spherical shape and the average size was found to be in the range of 66.70-93.15 nm. The SEM micrographs of NiFe/Cu thin films show crack-free uniform microstructure and those grains are clearly defined. Figures 2a-2c show the SEM micrographs of NiFe thin films for different deposition current magnitudes (40, 60, 80, 100 mA), with a deposition time of 5 min at ultrasonic bath temperature of 27°C. The structure of all the NiFe/Cu thin films is found to be homogenous with no evidence of possible agglomeration. The average grain size is found in the range of ∼72-93 nm. Increasing the deposition current from 40 to 100 mA has increased the average grain size by ∼29.8%. The effects of deposition time on the microstructure of NiFe/Cu thin films are shown in Figs. 2c and 2e . Using the same deposition current of 80 mA at ultrasonic bath temperature of 27°C, the structure is more homogenous at the shorter deposition time of 3 min. The average grain size is found to be 81 and 67 nm, respectively and this has resulted in the reduction of average grain size by ∼17.70%. From Figs. 2d and 2f , the thin film structure has become more agglomerated and the average grain size is increased from 72 to 79 nm with an approximately 9.25% increment at higher bath temperature of 40°C. This finding is comparable to those found in the literature [22] [23] [24] . It is well documented that NiFe alloys composition, properties and grain size intensely depend on the deposition parameters and electrolyte composition [25] . It is therefore concluded that the NiFe/Cu thin films prefer a reduced deposition time of 3 min at ultrasonic bath temperature of 27°C as this helps to enhance the homogeneity and reduce the average grain size of the prepared NiFe thin films. On the contrary, increased deposition time and ultrasonic bath temperature have led to denser microstructures and larger grain sizes. The deposition current and deposition time have relatively stronger effects in controlling the average grain size as compared to the ultrasonic bath temperature. NiFe thin film with smaller grain size results in lower surface roughness. It is also worthwhile to highlight that the iron content could play an important role in control of grain size too. The grain size may increase gradually with increasing Fe content.
Elemental Analysis
Energy dispersive X-ray spectroscopy (EDS) was carried out to determine the composition of NiFe/Cu Figure 3 shows the typical energy dispersive spectrum of NiFe/Cu thin film with stoichiometric ratio of 79.2% Ni and 20.8% Fe at the deposition current of 80 mA, deposition time of 3 min and ultrasonic bath temperature of 27°C. The elemental analysis concluded that the higher deposition current will result in lower Fe content in these thin films. Likewise, the Fe content in NiFe composition is decreased with decreasing deposition time and ultrasonic bath temperature. The decrease in Fe content with increasing deposition current and reducing the deposition time and ultrasonic bath temperature may be due to the very low concentration of Fe in the electrolyte which results in the depletion of Fe ion concentration in a short time.
Morphology Analysis and Surface Roughness Measurements
Figures 4a-4f illustrate the surface images of NiFe/Cu thin films electrodeposited at different deposition conditions. Figures 4a-4d show these NiFe/Cu thin films have dense microstructure and Energy, keV the average surface roughness is found in the range of 4.82-8.73 nm. The average surface roughness is increased by ∼81% when the deposition current is increased from 40 to 100 mA. The reduced deposition time from 5 to 3 min has caused the average surface roughness drops from 6.95 to 4.63 nm with nearly 33.38% decrement (Figs. 4c and 4e) . A negligible change of ∼0.33% of surface roughness is discernible if the ultrasonic bath temperature is increased to 40°C (Figs. 4d and 4f) . This illustrates the effects of bath temperature on the surface roughness is less significant than those reported previously [14, 21, 26, 27] .
It could be concluded from surface roughness measurements that the surface roughness is increased with increasing deposition current magnitude, deposition time and ultrasonic bath temperature. The average surface roughness could be manipulated through controls of deposition current and time. Attribution of larger grain size caused an increase in surface roughness of NiFe/Cu films. The obtained NiFe thin film with lower surface roughness makes it a proper candidate to be used as a bottom electrode of a capacitor.
Resistivity Measurements
The average thicknesses of the as prepared NiFe thin films with different deposition conditions were measured with a Mahr surface profilometer and found to be in the range of 0.3 to 1 μm. The thinnest layer was for the thin film with deposition current of 80 mA, deposition time of 3 min and ultrasonic bath temperature of 27°C (∼0.3 μm), while the thickest layer was for the thin film with deposition current of 100 mA, deposition time of 5 min and ultrasonic bath temperature of 40°C (∼1 μm). Table 2 shows the average thicknesses of NiFe thin films prepared with different conditions. Figure 5 illustrates the resistivity of NiFe/Cu thin films at different conditions. It is found that with deposition time of 5 min and ultrasonic bath temperature at 27°C, the resistivity is decreased with increas- [13, 17, 18, 21] but agrees reasonably well with [28] .
As a summary, the resistivity is found to decrease with an increase of deposition current but increase with an increase of both deposition time and the ultrasonic bath temperature. On the other hand, the NiFe/Cu thin films' resistivities are also decreased with higher surface roughness and higher Ni content. 4 . CONCLUSIONS NiFe thin films on Cu substrates are pulse electrodeposited using galvanostatic mode under various electrodeposition conditions such as ultrasonic bath temperature, deposition time and current magnitude. The phase purity of the prepared NiFe thin films is confirmed by XRD phase analysis. The surface roughness is found to increase with increasing deposition time and ultrasonic bath temperature with which this has contributed to increased film resistivity. Deposition current of 80 mA, deposition time of 3 min and ultrasonic bath temperature of 27°C, appear to be the most appropriate condition in the preparation of NiFe/Cu thin films. NiFe thin film with the correct stoichiometric ratio of 79.2% Ni and 20.8% Fe exhibits the reduced surface roughness of 4.63 nm and resistivity of 9.4 μΩ⋅cm, respectively. The promising results of NiFe thin films obtained in this study shows that NiFe thin films can be considered as a bottom electrode for a capacitor. The findings of NiFe thin films by pulse electrodeposition technique conclude that the model of "anomalous deposition" is adequate. 
